Ferritin is a protein principally known for its role in iron storage. We have previously shown that ferritin can bind high-molecular-weight kininogen (HK). Upon proteolytic cleavage by the protease kallikrein, HK releases the proinflammatory peptide bradykinin (BK) and other biologically active products, such as two-chain high-molecular-weight kininogen, HKa. At inflammatory sites, HK is oxidized, which renders it a poor substrate for kallikrein. However, oxidized HK remains a good substrate for elastase and tryptase, thereby providing an alternative cleavage mechanism for HK during inflammation. Here we report that ferritin can retard the cleavage of both native HK and oxidized HK by elastase and tryptase. Initial rates of cleavage were reduced 45-75% in the presence of ferritin. Ferritin is not a substrate for elastase or tryptase and does not interfere with the ability of either protease to digest a synthetic substrate, suggesting that ferritin may impede HK cleavage through direct interaction with HK. Immunoprecipitation and solid phase binding studies reveal that ferritin and HK bind directly with a Kd of 134 nM. To test whether ferritin regulates HK cleavage in vivo, we used THP-1 cells, a human monocyte/macrophage cell line that has been used to model pulmonary inflammatory cells. We observed that ferritin impedes the cleavage of HK by secretory proteases in stimulated macrophages. Furthermore, ferritin, HK, and elastase are all present in or on alveolar macrophages in a mouse model of pulmonary inflammation. Collectively, these results implicate ferritin in the modulation of HK cleavage at sites of inflammation.
number of bioactive molecules, including bradykinin (BK) and HKa. HKa has antiangiogenic properties at endothelial surfaces and affects adhesion of macrophages, neutrophils, and platelets to the endothelium (6, 7) . BK is a well-known mediator of inflammation and has been implicated in disease processes including asthma, atherosclerosis, hypertension, and cancer (2, 12, 31, 43, 46) . BK is one of the key activators of airway inflammation where it induces bronchoconstriction and increases in vascular permeability and mucus secretion and cholinergic and sensory nerve stimulation (3) . Therefore, cleavage of HK to release BK is an important step in inflammation and contributes substantially to the pathogenesis of inflammatory diseases such as asthma.
Although the classic cleavage pathway of HK involves the activation of prekallikrein to kallikrein and the subsequent cleavage of HK to release BK (57) , alternative mechanisms of HK cleavage have been reported (10, 47) . In particular, the role of proteases such as elastase and tryptase in the local activation of HK at sites of inflammation has received attention (25) . Elastase is a serine protease that degrades connective tissue components, facilitating the extravasation of leukocytes from the circulation into tissues. Elastase cleaves HK to produce E-kinin, a heptadeca-peptide that is subsequently cleaved to release BK (21) . Kininogen has also been identified as a substrate of tryptase, a trypsin-like enzyme found in mast cell granules (30, 39, 42, 49) . Tryptase cleaves within the light chain of HK and at sites flanking BK (28) . Although tryptase directly cleaves HK to release BK, this activity is relatively minor (25) . However, when a synthetic heptadeca-peptide containing BK (similar to E-kinin, the first product of elastase digestion of HK) is incubated with tryptase, the rate of BK release dramatically increases (25) . Interestingly, codigestion of HK with the combination of elastase and tryptase produces BK at a rate similar to kallikrein (25) . These results have led to the suggestion that elastase and tryptase digest HK sequentially, with elastase first cleaving HK to produce E-kinin, followed by tryptase cleavage of E-kinin to complete the release of BK (25) .
This alternative pathway of HK cleavage and BK liberation may be important at sites of inflammation, particularly at epithelial surfaces such as the lung. In conditions such as asthma, for example, neutrophils or macrophages containing elastase and mast cells containing tryptase are activated concurrently, providing an environment in which these two proteases can target the same substrate. Furthermore, during inflammation, enzymes like myeloperoxidase (MPO), which colocalizes with HK at the endothelial cell surface, and reactive oxygen species are generated that can oxidize HK (1) . Oxidized HK is a poor substrate of kallikrein yet remains a good substrate for elastase and tryptase (25) . Thus, elastase and tryptase may represent a system for cleavage of oxidized HK at sites of inflammation (25) .
Ferritin, a multi-subunit protein with a major role in iron storage, affects the dynamics of HK cleavage (34) . Ferritin is composed of two subunits (L and H) that assemble into a 24-subunit complex (apoferritin) surrounding a ferrihydrite mineral core that can contain up to 4,500 iron atoms (holoferritin) (50) . Serum ferritin levels can rise 10-to 100-fold during inflammation. Our laboratory has shown that ferritin binds to HK and inhibits the release of BK by kallikrein (34) .
In this study, we demonstrate that ferritin inhibits the proteolytic cleavage of HK and oxidized HK by elastase and tryptase. Cleavage of HK by elastase and tryptase was retarded by ferritin when these proteases were used both separately and when they were used in combination. Immunohistochemical analysis revealed that ferritin, HK, and elastase colocalized in alveolar macrophages in a model of pulmonary inflammation. Because inflammation creates an environment in which elastase and tryptase may replace kallikrein as the main cleavage enzymes of oxidized HK, the ability of ferritin to impede the cleavage of HK by these two proteases suggests that ferritin may modulate inflammation in conditions such as asthma or other inflammatory processes in the lung.
MATERIALS AND METHODS
Reagents. HK, human neutrophil elastase, MPO, and elastase substrate I, colorimetric (MeOSuc-Ala-Ala-Pro-Val-pNA) were purchased from EMD Biosciences, La Jolla, CA. Recombinant human lung ␤-tryptase was purchased from Promega. Human spleen ferritin was purchased from Scripps Laboratories. Horse spleen apoferritin, human plasma kallikrein, phorbol 12-myristate 13-acetate (PMA), porcine intestinal mucosal heparin, and the tryptase substrate N-CBZGly-Pro-Arg-p-nitroanilide acetate were purchased from Sigma Aldrich. HRP-conjugated anti-ferritin antibody was purchased from Dako. Sheep anti-human HK antibody and donkey anti-sheep/goat antibody were purchased from The Binding Site. Porcine pancreatic elastase was a generous gift of Dr. Thomas Hollis (Wake Forest Univ. School of Medicine, Winston-Salem, NC). Monoclonal anti-HK antibodies directed against HK domain 1 (HKH4) and HK domain 6 (HKL16) have been described previously (18, 53) . THP-1 human acute monocytic leukemic cells were a generous gift of Dr. Darren Seals (Wake Forest Univ. School of Medicine).
Elastase and tryptase independent digestion of HK with and without ferritin. HK was digested with either porcine pancreatic elastase, human neutrophil elastase, or recombinant human mast cell tryptase in the presence and absence of human spleen ferritin [porcine pancreatic elastase data are presented here; human neutrophil elastase produced similar results (data not shown)]. The molar ratio of elastase to HK and tryptase to HK was 1:200 and 1:600, respectively, and the molar ratio of HK to ferritin was 1:1. Reactions were conducted at an HK concentration of 50 M at 25°C, pH 7.3, in 25 mM HEPES buffer. Heparin (0.1 U/l) was added to the tryptase reactions to stabilize tryptase (28) . Aliquots were removed at intervals, and the reaction stopped by boiling. Samples were subjected to 10% SDS-PAGE (unreduced conditions) and stained with Coomassie brilliant blue R250. Quantification of gel bands was performed using UNSCAN-IT software (Silk Scientific, Orem, UT). Percent cleaved HK was determined by dividing the integrated density of the cleaved band by the sum of the HK protein bands in the sample and multiplying by 100. Initial rates of cleavage were calculated by linear regression.
Elastase and tryptase codigestion of HK with and without ferritin. HK digestion with elastase and tryptase in the presence and absence of human spleen ferritin was conducted in the same manner as the tryptase digestion described above. The molar ratios of elastase, tryptase, and HK were 1:1:2,000, respectively.
Oxidation of HK. HK was oxidized as described (25) . Briefly, HK in 20 mM HEPES buffer, pH 7.3, was incubated with a 100-molar excess of N-chlorosuccinimide at 37°C for 2 h. The reaction was quenched with 6 mM methionine at 37°C for 30 min. MPO oxidation of HK was based on the method of Yang et al. (56) , using HK at a final concentration of 28 g/ml, MPO at a final concentration of 10 g/ml, and a total incubation time of 10 min. The reaction was quenched with 6 mM methionine at 37°C for 30 min.
Mass spectrometry analysis of HK. N-chlorosuccinimide and MPOoxidized HK as well as native HK were subjected to SDS-PAGE analysis, stained with Coomassie blue, and destained with acetic acid/methanol. The protein bands were excised from the stained gels, and disulfide bonds were reduced with DTT and alkylated with iodoacetamide. Reduced and alkylated peptides were digested overnight at 37°C with trypsin. Peptides were separated by reverse phase chromatography and analyzed directly by electrospray ionization using a nanoelectrospray ionization source on a Bruker Esquire HCT ion trap mass spectrometer (27) . MS/MS spectra were searched against the current release of the Mass Spectrometry Protein Sequence Data Base (obtained from the Imperial College London) using Mascot (36) .
Ligand blot of oxidized HK. Oxidized HK (0.5 g), HK, and low-molecular-weight kininogen (LK) were subjected to 10% SDS-PAGE and electroblotted onto three replicate nitrocellulose membranes. The three membranes were used for a ligand blot, a positive control anti-HK Western blot, and a negative control anti-ferritin Western blot. Ferritin binding to oxidized HK was analyzed by ligand blotting as previously described (51) . The anti-HK Western blot was performed as follows: 1-h blocking with 5% (wt/vol) nonfat dry milk in TBST (25 mM Tris ⅐ HCl, pH 8.0, 125 mM NaCl, 0.1% Tween 20), 30-min blocking with 2% BSA, 2-h incubation with donkey antihuman HK, and 1-h incubation with mouse anti-donkey HRP conjugate, followed by visualization with ECL reagent (Amersham). The anti-ferritin Western blot was performed as follows: 1-h blocking with 5% (wt/vol) nonfat dry milk in PBS, 1-h incubation with anti-Ft HRP conjugate, and visualization via chemiluminescence (Pierce PicoWest).
Elastase digestion of control chromogenic substrate with and without apoferritin. Direct inhibition of elastase activity by ferritin was investigated by enzyme assays in the presence and absence of apoferritin using the chromogenic neutrophil elastase substrate MeOSucAla-Ala-Pro-Val-p-nitroanilide at a concentration of 0.01 M. Assays were performed in 0.5 M Tris, pH 8.8, at room temperature, and the rate of p-nitroaniline formation was measured at 405 nm every 5 min for 210 min. The same apoferritin-to-elastase ratio used in the elastase digestion of HK was used in the control assay (200:1) with an excess of substrate. Apoferritin, which behaved similarly to ferritin in HK binding capacity and HK digestion experiments (data not shown), was used instead of holoferritin due to iron's ability to interfere with spectrophotometric measurements.
Tryptase digestion of control chromogenic substrate with and without apoferritin. Direct inhibition of tryptase activity by ferritin was investigated by enzyme assays in the presence and absence of apoferritin using the chromogenic peptide substrate N-CBZ-Gly-ProArg-p-nitroanilide acetate at a concentration of 5 nM. The procedure was based on a previously described assay (28) . Assays were per-formed in 0.1 M HEPES, 10% glycerol wt/vol, 0.1 mg/ml heparin, and 0.02% NaN 3, pH 7.5, at room temperature, and the rate of p-nitroaniline formation measured at 405 nm for 30 min.
Elastase and tryptase digestion of ferritin. To determine if ferritin is a substrate for either elastase or tryptase, ferritin was incubated with elastase and/or tryptase under the same conditions described above. Aliquots of each reaction as well as a control reaction without either protease were analyzed, in triplicate, on 10% SDS-PAGE (unreduced conditions), stained with Coomassie brilliant blue R250, and quantified as described above for cleavage by elastase.
Coimmunoprecipitation of HK and ferritin. HK and human spleen ferritin at a 1:1 molar ratio were incubated in a solution of 0.5 g/l BSA in PBS. The solution was precleared with 5 l of protein A beads. Anti-HK (1 l; HKH4 and HKL16) was added, and the solution was incubated at 25°C for 2 h with shaking. Protein A beads (30 l) were added followed by a 1-h incubation. The beads were separated from the solution by centrifugation at 14,000 g for 1 min, and the supernatant was saved for Western blot analysis. The beads were washed three times with IMP buffer [50 mM Tris-acetate, pH 7.5, 150 mM NaCl, 1% (vol/vol) Triton X-100, 1% (wt/vol) deoxycholate, 0.1% (wt/vol) SDS, 0.02% (wt/vol) Na N 3], SDS-PAGE loading buffer containing BME was added to the beads, and the eluted proteins were analyzed via Western blot with anti-HK and anti-Ft antibodies.
Plate assay to characterize HK binding to ferritin. HK and ferritin were biotinylated via sulpho-N-hydroxysuccinimido-long-chain-biotin (sulpho-NHS-LC-biotin) and the EZ-Link Sulpho-NHS-LC Biotinylation kit (Pierce) according to the manufacturer's instructions. The number of biotin molecules per HK was determined using the EZ biotin quantification kit (Pierce). To measure binding of HK to ferritin, we first calculated the amount of ferritin needed to coat the plate. Biotinylated ferritin in increasing concentrations was added to microtiter plates (Nalgene Nunc International, Rochester, NY), and the amount bound quantified by incubation with streptavidin-HRP and TMB substrate (3,3Ј,5,5Ј-tetra-methylbenzidine; Pierce). Maximal specific binding (Bmax) was calculated as 7.45 nM (1 g/100 l per well) using Scatchard analysis. To perform the binding assay, plates were coated with human spleen ferritin (2.5 g/100 l per well) in PBS overnight at 4°C. The plates were washed with PBST (PBS ϩ 0.1% Tween 20) and blocked with 2% BSA. Biotinylated HK at increasing concentrations was allowed to bind to the ferritin-coated wells for 2 h at 27°C with shaking. The wells were washed three times with PBST, treated with streptavidin-peroxidase for 30 min at 27°C, and incubated with TMB substrate (3,3Ј,5,5Ј-tetra-methylbenzidine; Pierce), and the absorbance at 450 nm was measured. To measure nonspecific binding, control wells were coated with 2.5 g/100 l native HK, and biotinylated HK binding was analyzed in the same manner as above. Nonspecific binding was subtracted from total HK binding, and binding affinity was calculated using Scatchard analysis. To determine the dependence of Ft/HK binding on the presence of zinc, 10 M ZnCl2 was added to each well along with biotinylated HK (38) .
Cleavage of biotinylated HK by macrophage secretory proteases. THP-1 human acute monocytic leukemic cells were grown in RPMI media with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 0.05 mM 2-mercaptoethanol, and 1% MEM vitamin solution. HK was biotinylated as described above. THP-1 cells were seeded in triplicate in 96-well plates at a concentration of 3 ϫ 10 5 cells/ml in a volume of 100 l. The cells were stimulated with 100 ng/ml PMA. Biotinylated HK was added to each well at a final concentration of 4.5 M with and without ferritin at a final concentration of 9 M. Biotinylated HK was also added to THP-1 cells without PMA stimulation. The cells were incubated for 1 h at 37°C, 5% CO2. The media was removed and clarified, and SDS-PAGE loading buffer (10% glycerol, 62.5 mM Tris ⅐ HCl, pH 6.8, 2% wt/vol SDS, 2% 2-mercaptoethanol) was added to inhibit further proteolysis. The media was then subjected to 10% SDS-PAGE and electroblotted onto a nitrocellulose membrane for Western blot analysis using streptavidin-HRP followed by visualization with a chemiluminescent substrate (Pierce Pico-West). Full-length biotinylated HK was quantified by densitometry using UNSCAN-IT software (Silk Scientific), and HK cleavage was calculated as the fraction of remaining input HK following incubation with stimulated THP-1 cells. Media from stimulated THP-1 cells without added biotinylated HK was used as a negative control to ensure streptavidin-HRP specificity.
Colocalization of ferritin, HK, and elastase in mouse lung tissue. C57BL/6 mice were sensitized with an intraperitoneal injection of 20 g of chicken egg ovalbumin (OVA; grade V, Sigma-Aldrich) emulsified in 200 l of aluminum hydroxide (alum) adjuvant (Alhydrogel; Accurate Chemical & Scientific). Fourteen days later, mice were challenged with aerosolized 1% OVA for 30 min on three consecutive days in a whole body exposure chamber. Forty-eight hours following the last exposure, mice were euthanized, and lungs were removed and rapidly frozen in liquid nitrogen. Lungs were imbedded in optimized temperature cutting compound and cryosectioned to produce 8-mthick sections. Lungs were fixed in 10% formalin for 10 min and washed in PBS. Sections were blocked in 1% BSA/PBS and stained with 15 g/ml of either goat anti-Ft, rabbit anti-HK, rat anti-elastase, or rat anti-CD68 antibodies for 1 h. For single stained sections, 10 g/ml HRP-linked rabbit anti-goat, HRP-linked goat anti-rabbit, or HRP-linked goat anti-rat secondary antibody was added and incubated for 30 min followed by DAB (3,3Ј-diaminobenzidine tetrahydrochloride, Sigma) visualization and hematoxylin counterstaining. For fluorescent doubly stained sections, 10 g/ml FITC-linked rabbit antigoat and rhodamine-linked chicken anti-rabbit or rhodamine-linked goat anti-rat antibodies were added and incubated for 30 min. Stained sections were analyzed using a Zeiss AxioPlan 2 microscope with Carl Zeiss AxioCam HP and AxioVision 3.1 software.
Statistical analysis. Results are reported as the mean value and 95% confidence interval (CI). Two-way repeated measures ANOVA models were used to compare the ferritin-and non-ferritin-treated HK cleavage results over the time course of the experiment, with time and treatment being the two factors studied. P values are reported (␣ ϭ 0.05).
RESULTS

Ferritin retards cleavage of HK by elastase.
HK plays an important role in inflammation by serving as the precursor of both BK and HKa. These proteins can be released from HK through the combined activity of tryptase and elastase, proteases present in inflammatory cells. Cleavage of HK by elastase and tryptase provides an alternative pathway of HK cleavage distinct from the classic cleavage mechanism of HK by kallikrein (25) . Since ferritin binds to HK (34, 51), we postulated that ferritin might control HK activity at these sites by retarding HK cleavage by elastase and tryptase.
To test this possibility, we first examined the ability of ferritin to retard the cleavage of HK by elastase. HK was incubated with elastase in the presence and absence of ferritin at a 1:1 (HK:ferritin) molar ratio. As seen in Fig. 1A , ferritin substantially retarded the digestion of HK by elastase at all time points. Overall, the two-way ANOVA model confirmed a significant ferritin inhibitory effect on elastase cleavage of HK (P ϭ 0.0022). We also measured the initial rate of cleavage of HK in the absence and presence of ferritin. We observed that 0.47 pmol of HK was cleaved per minute (CI Ϯ 0.15) in the absence of ferritin, whereas 0.11 pmol/min (CI Ϯ 0.03) was cleaved in the presence of ferritin. This demonstrates a 75% decrease in initial cleavage rate when ferritin is present (P ϭ 0.042) (Fig. 1D) .
Ferritin retards cleavage of HK by tryptase. We then measured the ability of ferritin to inhibit cleavage of HK by tryptase. Comparing tryptase digestion of HK with and without ferritin revealed a statistically significant reduction in HK cleavage in the presence of ferritin at all time points (P ϭ 0.0033, 2-way ANOVA) (Fig. 1B) . Measurement of the initial rate of cleavage of HK in the absence and presence of ferritin revealed that 0.60 pmol was cleaved per minute (CI Ϯ 0.07) in the absence of ferritin, whereas 0.33 pmol/min (CI Ϯ 0.04) was cleaved in the presence of ferritin. This demonstrates a 45% decrease in initial cleavage rate when ferritin is present (P ϭ 0.008) (Fig. 1D) .
Ferritin retards elastase and tryptase codigestion of HK. Because combined proteolysis of HK by elastase and tryptase produces significant levels of bradykinin (25), we next examined the ability of ferritin to reduce HK cleavage by the concerted action of tryptase and elastase. As show in Fig. 1C , at each time point measured after 0 min, cleavage of HK by combined enzyme treatment in the presence of ferritin was significantly less than cleavage of HK without ferritin. The two-way ANOVA model demonstrated a significant ferritin inhibitory effect on elastase/tryptase cleavage of HK (P ϭ 0.0069). Measurement of the initial rate of cleavage of HK in the absence and presence of ferritin revealed that 0.077 pmol were cleaved per minute (CI Ϯ 0.02) in the absence of ferritin, whereas 0.034 pmol (CI Ϯ 0.01) were cleaved in the presence of ferritin. This demonstrates a 55% decrease in initial cleavage rate when ferritin is present (P ϭ 0.017) (Fig. 1D) .
Higher levels of apoferritin enhance HK cleavage inhibition. To investigate the effect of increasing the molar ratio of ferritin to HK on the ferritin-dependent inhibition of HK cleavage, HK was incubated with elastase, tryptase, or elastase plus tryptase in the presence of apoferritin at 1:0, 1:1, 1:2, or 1:5 HK: apoferritin molar ratio. As seen in Table 1 , substantial inhibition (19 -64%) was attained at a 1:1 HK:apoferritin ratio, although additional inhibition could be attained by increasing the amount of apoferritin to a molar ratio of 1:2 or 1:5. For example, when ferritin and HK were present at equimolar ratios, ferritin inhibited HK cleavage by elastase by 64%; ferritin at a fivefold molar excess inhibited HK cleavage by elastase 84%.
Ferritin binds to and retards the digestion of oxidized HK. At inflammatory sites, HK is susceptible to oxidation due to the release of oxidative enzymes and molecules during the respiratory burst of leukocytes. Kallikrein, the protease that mediates cleavage of HK via the classic pathway, cannot cleave oxidized HK (25) . However, the combination of elastase and tryptase can cleave oxidized HK, acting as an alternative pathway for HK cleavage at inflammatory sites (25) . To test the effect of ferritin on this pathway, oxidized HK was produced via treatment with N-chlorosuccinimide (25) as described in MATERIALS AND METHODS. Oxidized HK was confirmed to be partially refractory to digestion with kallikrein: after 90 min, unoxidized HK was ϳ75% cleaved, whereas oxidized HK was ϳ25% cleaved at a molar ratio of kallikrein to HK of 1:600 (data not shown). To ensure physiological relevancy of the chemically oxidized HK, we compared N-chlorosuccinimide-oxidized HK with MPO-oxidized HK. MPO, a potent oxidative enzyme found within inflammatory cells, is released during the oxidative burst, and is a potential source for oxidized HK in vivo (1). MPO-oxidized HK was produced as described in MATERIALS AND METHODS and subjected to kallikrein digestion at the same molar ratio as the N-chlorosuccinimide-oxidized HK digestion. MPO-oxidized HK proved to be similarly refractory to kallikrein digestion, with a reduction in kallikrein cleavage from 98% to 51%.
The reduction in susceptibility to kallikrein digestion following HK oxidation has been attributed to the oxidation of key methionine residues (Met375 and Met379) proximal to the enzyme cleavage site (25, 33) . To directly determine whether these residues were indeed oxidized following treatment with either N-chlorosuccinimide or MPO, we digested oxidized HK with trypsin and analyzed the oxidation state of these residues using mass spectroscopy. As shown in Fig. 2 and Supplemental Table 1 (supplemental data for this article is available online at the AJP-Lung web site), singly oxidized methionines (i.e., methionine sulfoxide at either position 375 or 379) were present in native HK as well as in oxidized HK (the fully unoxidized form of this peptide was not observed in any of the mass spectra collected). However, following oxidation by either method, only the doubly oxidized form (i.e., methionine sulfoxide at both position 375 and 379) was observed.
Next, we investigated whether ferritin, which binds to the light chain of native HK, also binds to oxidized HK (34) . A ligand blot was performed to compare the binding of ferritin to native HK (positive control), LK (negative control), and oxidized HK. As seen in Fig. 3A , native HK bound ferritin, and LK did not, as previously reported (51) . Oxidized HK retained its ability to bind ferritin (Fig. 3A) . Control Western blots using anti-HK antibody showed equal bands at 120 kDa in the HK and oxidized HK lanes and a band at 75 kDa in the LK lane (Fig. 3B) , as expected. Western blots with anti-ferritin antibody showed no bands even after long exposures, indicating that there was no nonspecific binding of anti-ferritin antibody to the blot (Fig. 3C) .
Since ferritin retained the ability to bind oxidized HK, we then investigated the ability of ferritin to inhibit the cleavage of oxidized HK by elastase and tryptase. To accomplish this, we performed the same time course digestions as described above, using oxidized HK rather than native HK. As with native HK, ferritin retarded cleavage of oxidized HK by elastase alone, tryptase alone, and elastase/tryptase together (Fig. 4) . The cleavage of oxidized HK in the presence of ferritin was significantly less than the cleavage of oxidized HK without ferritin at all time points after 10 min. As with the unoxidized HK reactions, ANOVA demonstrated a statistically significant ferritin inhibitory effect on elastase, tryptase, and elastase/ tryptase cleavage of oxidized HK (P ϭ 0.0025, P ϭ 0.0042, P ϭ 0.0007, respectively). Initial rates of cleavage of oxidized Values are means Ϯ 95% confidence interval, n ϭ 3. Cleavage of highmolecular-weight kininogen (HK) by elastase and tryptase in the presence of increasing levels of ferritin. Elastase and tryptase were independently or concurrently incubated with HK in the presence of differing amounts of apoferritin for 50 min (molar ratios of apoferritin:HK were 1:0, 1:1, 1:2, or 1:5). The molar ratio of elastase to HK was 1:200, of tryptase to HK was 1:600, and of elastase and tryptase to HK was 1:1:2,000. Reactions without apoferritin were considered 0% inhibition. Means and 95% confidence intervals of 3 independent experiments are shown.
HK were also decreased in the presence of ferritin (Fig. 1D) . Thus, ferritin retards the cleavage of both native and oxidized HK by elastase and tryptase.
Ferritin does not inhibit the enzymatic activity of elastase or tryptase on a synthetic substrate. The possibility that ferritin might act by directly inhibiting the enzymatic activity of elastase or tryptase was examined using synthetic peptide substrates. Elastase cleavage of its chromogenic substrate (MeOSuc-Ala-Ala-Pro-Val-p-nitroanilide) was measured in the presence and absence of apoferritin. The cleavage of the chromogenic substrate over time, as measured by the production of p-nitroaniline by spectrometric analysis at 405 nm, was not significantly different in the presence and absence of ferritin (P Ͼ 0.05) (Fig. 5A) . Similarly, tryptase activity on its chromogenic substrate (N-CBZ-Gly-Pro-Arg-p-nitroanilide acetate) was not significantly different over time in the presence and absence of apoferritin (P Ͼ 0.05) (Fig. 5B ). These results demonstrate that ferritin has no direct inhibitory effect on the activity of elastase or tryptase.
Ferritin is not a substrate for either elastase or tryptase. To rule out the possibility that ferritin was itself a substrate for elastase or tryptase and thus reduced the cleavage of HK by simple substrate competition, we incubated ferritin with elastase and/or tryptase at the same molar ratios as used in the elastase, tryptase, and elastase plus tryptase digestions of HK for a time course of 150 min. The ferritin was then subjected to SDS-PAGE and quantified by densitometry as described above for HK cleavage. Since in silico analysis (using the NIH UniProtKB/Swiss Prot program) demonstrated that ferritin subunits each contain 18 -32 potential cleavage sites for both tryptase and elastase (25, 28) , we anticipated that there would be a substantial reduction in intact ferritin, if ferritin were indeed a substrate for these enzymes. However, as shown in Fig. 5C , our results demonstrated no significant reduction in ferritin following treatment with elastase (P ϭ 0.8), tryptase (P ϭ 0.99), or elastase/tryptase (P ϭ 0.75). These results indicate that within the limitations of our analysis, ferritin is not a substrate for either elastase or tryptase (Fig. 5C ). Since ferritin does not , and low-molecular-weight kininogen (LK; negative control) were subjected to SDS-PAGE and analyzed for ferritin binding activity by ligand blotting using a ferritin probe followed by HRP-anti-Ft antibody. B: Western blot using anti-HK antibody against oxidized HK, native HK, and LK. C: Western blot using anti-Ft antibody against oxidized HK, native HK, and LK. HK and oxidized HK are 120 kDa, whereas LK is 75 kDa. directly inhibit elastase or tryptase and is not a substrate for either protease, these results suggest that ferritin impedes the cleavage of HK through direct interaction with HK.
Ferritin and HK form a complex in solution.
We have previously demonstrated that ferritin binds to HK using a solid phase ligand blotting assay (34, 51) . To examine the ability of ferritin to form a complex with HK in solution, we tested whether ferritin and HK would coimmunoprecipitate when incubated with anti-HK antibodies. Ferritin and HK were incubated at a 1:1 molar ratio in the presence of excess BSA, and anti-HK antibodies were added. As seen in Fig. 6 , ferritin was efficiently coprecipitated with HK under these conditions, with virtually no ferritin detected in the supernatant fraction. Control experiments using a solution that contained only ferritin and BSA (no HK) demonstrated that there was no cross reaction between the anti-HK antibody or protein A bead and ferritin (Fig. 6) . These results provide further evidence for the direct interaction of ferritin with HK.
Ferritin/HK binding characteristics. To assess the affinity of the ferritin/HK interaction, we utilized a plate binding assay in which human spleen ferritin was immobilized on a 96-well microtiter plate and incubated with increasing concentrations of biotinylated HK (Fig. 7A) . After subtracting nonspecific binding, a Scatchard analysis was performed, yielding a K d of 134 nM and a B max of 7.5 nM (Fig. 7B) . Non-biotinylated HK, used as a competitor (10-to 100-fold excess), inhibited biotinylated HK binding to ferritin by 93-95%, thus verifying binding specificity (data not shown). By comparing the maximal amount of HK bound to ferritin and the amount of ferritin bound to the plate in this solid phase assay, we determined that ferritin and HK were present at a 1:1 stoichiometric ratio at saturation.
Ferritin/HK binding is not zinc dependent. Zinc induces conformational changes in the structure of HK and is a necessary cofactor for HK binding to cellular surfaces (14, 19) . To examine whether ferritin binding was also zinc dependent, plate binding studies were performed in the presence and absence of 10 M ZnCl 2 , a physiologically relevant concentration used in cell binding assays (29) . There was no difference in the binding curves with and without zinc (data not shown), indicating that HK can bind to ferritin in the absence of exogenous zinc.
Ferritin inhibits the cleavage of biotinylated HK by macrophage secretory proteases. To test whether ferritin modulates the cleavage of HK in an inflammatory cell model, we used THP-1 monocyte/macrophage cells (22) . Biotinylated HK, in the presence or absence of a twofold molar excess of ferritin, was added exogenously to THP-1 cells. The cells were stimulated to differentiate and secrete elastase by the addition of PMA (4, 54) . After 1 h, the media was collected, and the biotinylated HK was analyzed by Western blotting as described in MATERIALS AND METHODS. In the absence of ferritin, 78% (CI Ϯ 10) of biotinylated HK was cleaved, whereas in the presence of ferritin, only 16% (CI Ϯ 4.5) of biotinylated HK was cleaved (Fig. 8) . The results indicate that activated macrophages are capable of secreting proteases that cleave HK, A: elastase was incubated with a standard chromogenic substrate (MeOSucAla-Ala-Pro-Val-p-Nitroanilide) in the presence and absence of apoferritin. Absorbance at 405 nm was measured over the course of the digestion. Elastase to apoferritin molar ratio was 1:200. Shown are the means and SD of 3 independent experiments. B: tryptase was incubated with a standard chromogenic substrate (N-CBZ-Gly-Pro-Arg-p-nitroanilide acetate) in the presence and absence of apoferritin. p-Nitroanilide production was measured over the course of the digestion via spectrophotometric absorbance at 405 nm. Tryptase to apoferritin molar ratio was 1:600. Shown are the means and SD of 3 independent experiments. C: elastase (E), tryptase (T), or elastase ϩ tryptase (ET) were incubated with ferritin at a 1:200, 1:600 or 1:1:2,000 molar ratio of protease to ferritin for 150 min. A control reaction containing no proteases (C) was run at the same time. The level of proteolysis was assessed via 10% SDS-PAGE analysis (unreduced conditions) followed by staining with Coomassie brilliant blue R250. Intact ferritin runs as a single band of ϳ480 kDa. This experiment was performed 3 times; a typical result is shown.
and that ferritin can inhibit this cleavage. This demonstrates that the binding of ferritin to HK has functional consequences in regulating HK cleavage in a cell culture model of inflammation.
Ferritin, HK, and elastase colocalize in mouse alveolar macrophages. To determine whether ferritin and HK colocalize at sites of inflammation in vivo, we used a mouse model of pulmonary inflammation. C57BL/6 mice were sensitized with OVA and subsequently challenged with aerosolized albumin, a protocol that induces lung inflammation, recruits inflammatory cells, and has been used extensively to model asthma (15) . Lung tissue was cryosectioned, stained with anti-ferritin antibody, and counterstained with hematoxylin. As seen in Fig. 9A , this experiment revealed the presence of ferritin in or on infiltrating inflammatory cells that morphologically resemble macrophages. To determine whether these cells were also positive for HK, we performed simultaneous staining with fluorescent antibodies to ferritin (FITC/green) and HK (rhodamine/red). As seen in Fig. 9B , this experiment demonstrated that ferritin and HK colocalize in/on these cells (Fig. 9Bi) . Costaining with antibodies to ferritin and elastase further revealed the colocalization of ferritin and elastase (Fig. 9Bii) .
Additional staining with anti-CD68, a macrophage-specific marker, confirmed that these cells were indeed alveolar macrophages (Fig. 9Biii) . These results were seen in the majority of cells examined: 85% of CD68-positive macrophages were positive for ferritin, 90% of morphologically identified macrophages were positive for both elastase and ferritin, and 95% were positive for both HK and ferritin. Thus, ferritin, HK, and elastase are all present in alveolar macrophages recruited in response to an inflammatory stimulus.
DISCUSSION
HK and its cleavage products are essential components of numerous processes including coagulation, angiogenesis, leukocyte adhesion, and inflammation (7, 10) . BK, a cleavage product of HK, plays a particularly important role in the progression of inflammatory diseases such as asthma (3) . As a consequence, HK must be carefully regulated to control its inflammatory and hemostatic properties. This is in part attained through regulation of levels of HK. For example, increases in HK plasma levels have been observed in disease states such as allergic asthma, sepsis, atherosclerosis, arthritis, and cancer (13, 20, 23, 35) . HK can also be regulated by controlling its cleavage into bioactive proteolytic products, including BK and HKa. Although tissue and plasma kallikrein are generally responsible for proteolytic digestion of HK, oxidation renders HK refractory to digestion with these enzymes (25) . Therefore, the generation of kinins from HK by kallikrein may be compromised at inflammatory sites where the activity of respiratory burst enzymes, such as MPO, results in oxidation of HK. However, kinins can also be released from HK through the concerted action of tryptase and elastase, enzymes released at inflammatory sites that retain the ability to release kinins from oxidized HK (25) . Elastase-and tryptase-dependent cleavage of HK may maintain production of vasoactive kinins from HK at sites of inflammation.
We previously reported that ferritin can bind to the light chain of HK and retard HK cleavage by kallikrein (34) . In this study, we investigate whether ferritin affects the cleavage of HK by proteases released from inflammatory cells and explore the influence of HK oxidation on these events. We report that HK contains two methionines proximate to the kallikrein cleavage site (Met375 and Met379) that are susceptible to oxidation, and these are, in fact, oxidized following exposure to either chemical oxidants or MPO, an oxidative enzyme produced by inflammatory cells (Fig. 2 and Supplemental Table 1 ). Since HK oxidized by either of these methods loses its ability to be digested by kallikrein (see RESULTS) but retains the ability to be digested by elastase and tryptase (data not shown and Figs. 1 and 4) , our data support the suggestion (25) that tryptase and elastase may play an important role in HK cleavage at inflammatory sites.
We observed that ferritin inhibits tryptase and elastasemediated cleavage of both native and oxidized HK, when HK is exposed to these proteases individually or in concert (Figs. 1  and 4) . Increasing the ratio of apoferritin to HK enhances the inhibitory effect of ferritin on HK cleavage, although ferritin exerts most of its inhibitory effects when present at concentrations equimolar to HK or in slight molar excess of HK (Table 1) , consistent with our finding of a 1:1 Ft:HK stoichiometric binding relationship in the solid phase binding assay. Coimmunoprecipitation data confirm the ability of HK and ferritin to form a complex in solution (Fig. 6) . Binding characteristics of the HK/ferritin interaction (K d 134 nM) reveal a sufficient binding affinity to allow for a physiologically relevant HK/ferritin complex, especially at sites of inflammation where ferritin levels are elevated. These results are consistent with a model in which the direct binding of ferritin to HK alters the ability of tryptase and/or elastase to proteolyse HK. Furthermore, since binding of HK to ferritin is not affected by exogenous zinc and zinc induces conformational changes in HK (19) , ferritin may effectively inhibit the digestion of HK in both conformations.
We propose that the inhibition of HK cleavage by ferritin, with its attendant reduction in proinflammatory HK cleavage products, may modulate the inflammatory response. We demonstrate that ferritin is able to reduce the cleavage of exogenously added HK in inflammatory macrophages (Fig. 8 ). Also consistent with this model is the temporal and spatial colocalization of ferritin, HK, and elastase that we observed in alveolar macrophages following an inflammatory stimulus (Fig. 9) . We hypothesize that the interaction among these proteins occurs extracellularly, since the cleavage of HK occurs primarily on cell surfaces, although our results do not exclude the possibility that intracellular interactions among these proteins may also take place. Ferritin is a multi-subunit protein that is ubiquitously distributed in tissues and is also present in plasma (37) . Both HK and ferritin have been localized to sites of inflammation, including atherosclerotic plaques (14, 26, 35, 52) , rheumatic synovium (48) , and asthmatic lung tissue (8) . Alveolar macrophages in inflamed lungs accumulate ferritin, and stimulation with NO [a vasoactive molecule induced by BK (44) ] leads to ferritin secretion from these cells (45) . Alveolar macrophages and neutrophils also contain HK and have HK receptors, in addition to containing and secreting elastase (5, 16, 40) . Thus, accumulation of neutrophils, macrophages, and mast cells, especially during lung inflammation, provides a spatial and temporal juxtaposition of HK, ferritin, elastase, and tryptase and creates a physiological context for their regulatory interactions.
While ferritin was able to retard the time course of HK cleavage by elastase and tryptase, digestion of HK was not abolished by ferritin. This implies that the role of ferritin may be to dampen rather than to abrogate the production of kinins at sites of inflammation. Ferritin may also serve to downregulate the cleavage of HK at the termination of the inflammatory response. In support of these hypotheses, the HK cleavage product, HKa, induces monocyte secretion of TNF␣ and IL-1, which are known to induce ferritin synthesis (24, 32, 55) . In addition, the HK cleavage product BK induces endothelial cell release of NO, which in turn stimulates the release of ferritin from alveolar macrophages (44, 45) . Thus, HK cleavage products may increase ferritin levels, which, in turn, serve to downregulate HK cleavage, constituting a negative feedback loop designed to control the amount of HK cleaved. Consistent with this interpretation, ferritin preferentially binds to partially cleaved forms of HK such as activated HK (HK that is partially cleaved but has not yet released BK) (34) . 
